Abstract-We have examined whether dopaminergic mesencephalic grafts implanted into neonates can provide more extensive protection against deficits induced by a subsequent unilateral lesion of the mesotelencephalic dopaminergic pathway than when the grafts are implanted in adulthood. A dopaminerich neuronal cell suspension obtained from embryonic day 14 mesencephali was injected unilaterally into the n~st~at~ of otherwise intact neonatal or adult rats at one day or two months of age, respectively. Two months later, the ipsilateral mesotelencephalic dopaminergic pathway was destroyed by unilateral injection of 6-hydroxydopamine. The behavioural effects of the grafts were evaluated in tests of drug-induced rotation and skilled paw reaching. After completion of the behavioural testing, animals were killed and brains were processed for tyrosine hydroxylase immunohistochemistry.
In rats receiving transplants as adults, grafts were compact and located in the neostriatum. In contrast, in rats receiving transplants neonatally, fewer dopaminergic neurons survived and they were dispersed over a large area of the host neostriatum and nucleus accumbens. After lesioning, ail animals manifested strong rotation in response to amphetamine: this was not initially prevented by the grafts, made at either age, up to three months following the lesion, but was reduced in both groups of grafted rats by seven months after lesioning. This prolonged period for the development of recovery contrasts markedly with the rapid recovery obtained when similar grafts are implanted into the denervated neostriatum of adult rats that had received a prior 6hydroxydopamine lesion. The development of apomorphine rotation, thought to reflect the development of receptor supersensitivity following lesions, was partially blocked to a similar extent by the grafts in both age groups. In contrast to their effects in the rotation tests, the dopaminergic grafts had no detectable effect on the profound contralateral deficit induced by the lesions in the paw-reaching test, whether implanted into neonatal or adult brains.
Thus, whereas the age of the host at the time of implantation can markedly influence the gross morphological organization of dopaminergic grafts implanted into the neostriatum, the functional effects were similar, whether the grafts were implanted into neonatal or adult hosts.
It is now well established that embryonic dopaminergic (DA) neurons implanted in the central nervous system of adult rats can exert a functional influence on the host. Never the less, when the functional capacities of grafted animals are studied in detail, the recovery brought about by these transplants is found to be incomplete. In attempting to identify the principles that govern the extent and limitations of recovery, one line of recent research has focused attention on the functional effect of DA grafts implanted into the neonatal brain. in an important study, Schwartz and Freed"' found that transplantation of DA neurons into newborn rats can protect at least some animals from the -*To whom correspondence should be addressed. Abbreoiations: BSA, bovine serum albumin; DA, dopaminergic; DNAse, deoxyribonuclease; 6-OHDA, 6-hydroxydopamine; PBS, phosphate-buffered saline; S-MEM-HEPES, synthetic ~nimum essential medium-N-2-hydroxyethylpiperazine-N'-ethane sulphonic acid; TN, tyrosine hydroxylase.
profound aphagia and adipsia induced by bilateral forebrain DA lesions made subsequently when the animais had grown to maturity. Since. such regulatory deficits have been resistant to recovery when DA grafts are implanted into adult animals,2s*26 they speculated that the most extensive recovery obtained when the grafts are implanted into neonates may be due to a greater capacity of the grafted embryonic neurons to become integrated anatomically into a developing (as opposed to a mature) host neural circuitry.@ Indeed, a facilitatory effect of immature brain over the anatomical incorporation of transplanted neurons has been described in a variety of different neuronal graft models.'~'9*3~37~457*s2*~*65~69 We have replicated the observation of Schwartz and Freed6' that neonatal implants can indeed protect against the regulatory deficits induced by subsequent bilateral 6-hydroxydopamine (6-OHDA) lesions in at least some animals, and found that the location of the grafts in the caudal ventral striatum was an important factor in their efficacy.58.59 D. N. ABKOUS et t/l. However, in previous work, implantation of embryonic DA neurons into the striatal complex of newborn rats in which the ascending dopaminergic pathways had been previously destroyed did not exhibit any greater functional improvement than that observed in adults. For example, Abrous and colleagues found that nigral grafts were no more effective at alleviating deficits in hoarding and schedule-induced polidipsia following transplantation into neonatally lesioned rats than they were when the lesions and grafts were made in adulthood.' However, the studies differ in several important respects, which may account for the different outcomes. Firstly, they are based on tests of different components of the nigrostriatal denervation syndrome: basic regulatory deficits involving aphagia, adipsia and hyperkinesia on the one hand, and tests of possibly more complex functions including hoarding, schedule-induced polidipsia and spatial orientation, on the other. Secondly, the two sets of studies differ importantly in the timing of the lesions and graft implantation.
On the one hand, the grafts were implanted into the brains of otherwise intact pups and the functional effects studied prophylactically on the consequences of lesions made once the rats had reached adulthood.sa,59 In the other study,2 lesions were made in newborn pups, several days prior to transplantation, following the conventional sequence of operations used in studies of the functional effects of DA grafts implanted in adult animals. Thirdly, both previous studies have evaluated the consequences of neonatal grafts on behaviours associated with bilateral lesions, whether made in neonatal or adult animals, whereas the great majority of studies on the functional effects of grafts in adult animals have been based on the unilateral lesion model.*~9~24~27~'0~31~38~44~49 Indeed, other studies have suggested that DA grafts in adult brain can exert a prophylactic effect on the drug-induced rotation following a subsequent nigrostriatal lesion3'
In the present study we have evaluated the relative functional incorporation of DA grafts into the neonatal and adult brain by comparing the functional efficacy of DA neurons implanted into the neonatal or adult neostriatum in alleviating deficits associated with a subsequent unilateral nigrostriatal destruction in adulthood. In particular, the prophylactic effects of the grafts have been investigated with drug-induced turning behaviours, which are particularly sensitive for assessing nigrostriatal lesions and DA-rich grafts, 7-9.27.38.44 and with a skilled paw reaching task which is sensitive to nigrostriatal damage"'."' and which has been shown to be resistant to alleviation by DA grafts in adult rats.5,3'.54
EXPERIMENTAL PROCEDURES

Subjects
A total of 51 female Sprague-Dawley rats (Olac, Bicester, Oxon, U.K.) were used as experimental animals; 24 received operations at one day of age and the remaining 27 received the first experimental treatment at two months of age (see Table 1 ). For the neonatal procedures, litters were culled to 10 within 24 h of birth and reared by the mothers until weaning at 21 days of age. Following weaning, ail animals were housed in groups of five with ad libitm access to food and water, and under a natural light/dark cycle. Graft tissues were dissected from El4 embryos obtained by Caesarian section of pregnant rats of the same outbred strain. Six counterbalanced groups were employed: two graft groups received DA-rich grafts at either one day or two months of age, followed by lesions two months later; two parallel lesion groups received sham grafts but similar lesions, at two and four months of age; and two parallel control groups received both sham grafts and sham lesions. Data from an additional group receiving a nigrostriatal lesion in adulthood three weeks prior to the graft surgery (which was part of another experiment, but was prepared from the same graft suspension) are included for comparison with the conventional sequence of operations.
Transplantation
Grafting was performed according to a previously described method.@ The ventral mesencephalon was dissected from 35 embryos (three pregnant mothers) and collected in cold phosphate-buffered saline (PBS, pH 7.2) supplemented with 10 mM glucose. Pooled tissue pieces were submitted to a brief (5 min) enzymatic digestion with 1% trypsin (Sigma grade II crude) in PBS with 0.1% DNAse added (Sigma). After washing with PBS, a synthetic culture medium was added (S-MEM-HEPES, Gibco-BRL, supplemented with 2 mM glutamine, 14 mM glucose, 0.02% trypsin inhibitor and 0.1% DNAse, Sigma) and a cellular suspension was obtained by repeated aspiration through a small-bore Pasteur pipette. Following a brief centrifugation (1000 g, 10 min) to remove the supernatant, cells were resuspended Rats were anaesthetized either with ether (neonates) or 3 ml/kg equitbesin i.p. (adults) and placed in a stereotaxic frame. The neonatal rats received an injection into the left n~st~atum at the following stereotaxic coordinates: L 1.5 mm, AP + 1.5 mm from bregma, V -3.5 mm below the level of the skull, with the incisor bar at the level of the interaural line. The adult rats each received an injection at the following coordinates: L 2.5 mm, AP +2Smm, V -5.5 mm, with the incisor bar set 5 mm above the level of the interaural line. The injections were delivered slowly over 3 min with a further 3 min allowed for diffusion prior to cannula retraction. All lesion and control groups received sham grafts involving an identical injection of 3 ~1 S-MEM-HEPES containing 0.2 % BSA at either neonatal or two months of age (see Table 1 ). An antibiotic powder was applied externally, the skin sutured, the pups returned to their mothers and the adult rats to their home cage.
Lesions
The mesotelencephalic system of grafted rats was lesioned by the stereo&x& injection of 6-OHDA hydrobromide (Sigma) unilaterally into the left medial forebrain bundle of adult rats under equithesin anaesthesia (3ml/kg). The neurotoxin was dissolved at a concentration of 4 pg (free base wei~t)/~l 0.9% sahneO.Ol% ascorbic acid. A total volume of 2 x 1.5 ~1 was injected stereotaxically over 4 min via a 30-gauge stainless steel cannula at L 1.6 mm, AP 0 and -1 mm relative to bregma, V -8.6 mm from the level of the skuil, with tire incisor bar set Smm above the interaural line. Following completion of the injection, the cannula was left in place for an additional 2 min to allow for diffusion of the neurotoxin away from the injection site.
The lesion was performed two months after the grafting procedure in the neonatal lesion, neonatal graft, adult lesion and adult graft groups, and three weeks prior to the grafts, at six weeks of age in the lesion then adult graft group (see Table 1 ). The two control groups received sham lesions by identical injection of ascorbate-saline solution alone.
Be~~io~ai testing
Rotation. Animals were tested in automated rotometer bowl@ and the number of full 360" turns per minute was recorded automatically by an on-line connection to a microcomputer. Rotations in the ipsilateral and contralateral directions were counted separately, and the analyses were based on the net (ipsilateral minus contralateral) scores.
For the six counterbalanced groups, rotation was tested at one week, one, two, three and seven months after the lesion over 300min following i.p. injection of 5mg/kg o-amphetamine sulphate (Sigma), and approximately one week later over 60 mm following S.C. injection of 0.1 mg/kg apomorphine hydrochloride (Sigma). Amphetamine-induced rotation was examined in the lesion then adult graft rats two weeks following the lesion and again one, two, three and seven months after grafting. For the last time point (seven months), the amphetamine-induced rotation task was carried out two days after the completion of the skilled paw reaching task, followed one week later by apomorphineinduced rotation.
Skilled paw reaching: test apparatus.
Paw reaching was measured using a modified version of the "staircase" test apparatus described and illustrated by Montoya and with a hinged lid, into \;hich the rat is-placed. Leading oh this is a narrower compartment (16.5 mm long x 108 mm high x 60 mm wide) with a central raised platform running along its length, creating a 19-mm-wide trough on either side. The narrowness of the side compartment prevents rats from turning rounds, so that the rat can only use its left paw for reaching into the left trough and its right paw for reaching into the right trough. The top surface of the platform is 35mm wide and overhangs the sides so that the rats cannot simply scrape food pellets up the side of the platform. A removable double staircase is inserted into the end of the box, sliding into the troughs to either side of the central platform. Each of the eight steps of the staircase contains a small 3-mm-deep well and two 45mg chow pellets (Custom Biological Inc.) are placed in each well. The highest step of the staircase is 13 mm below the central platform and the bottom step is 64 mm below the platform. A hungry animal can collect pellets by reaching down into the trough: the number of steps from which pellets are displaced provides an index of how far the rat can reach and the number of pellets remaining at the end of the test indicates the rat's success in grasping and retrieving the pellets.
Procedure. Paw reaching was studied three months after the lesion, five months after grafting, in the six counterbalanced experimental groups. Animals were placed on a food-deprivation schedule, being fed 8-12 g of lab chow at the end of each afternoon to maintain them at 90% of their free-feeding weight. Two 45-mg chow pellets were placed into each well of the double staircase of the test apparatus. Animals were placed into the test boxes for 10 min. Then the staircase was removed and the number of remaining pellets was counted. Training was conducted in three stages:
(i) During the first stage, both sides were baited. Animals received 31 daily tests over one month. This stage allowed the rats' reaching ability with the two paws to be determined, from which was determined the paw preference of each animal: the "preferred" paw was defined for each rat as the paw with which each rat obtained more pellets. This was the paw ipsilateral to the side of the lesion in all rats of both the lesion and the graft groups.
(ii) During the second phase, animals were trained to use the paw previously determined as the "non-preferred paw" (contralateral to the lesions in all rats of both the lesion and the graft groups). For this purpose, just that side of the staircase accessible by the animals using the non-preferred paw was baited. Animals received 31 daily tests over a second one month period.
(iii) During the third stage, the animals received five tests over five days with both staircases baited, as in stage (i), in order to evaluate the effect of forced paw reaching on their reaching preference.
Immunohistochemistry
Animals were killed for ~muno~st~hemi~al analysis 10 months after the lesions, after completion of all behavioural testing. Under general barbiturate anaesthesia, they were perfused transcardially with SO ml PBS (pH 7.2) containing 5 x lo4 W/ml heparin, followed by 300 ml of 4% paraformaldehyde in 0.1 M phosphate buffer containing 14% of saturated picric acid solution buffered to pH 7.4. Following a 24 h postfixation in the same fixative, 50-pm-thick coronal sections were cut using a Vibratome (Oxford Instruments). Free-floating sections were processed through a standard immunohistochemical procedure6 in order to stain for tyrosine hydroxylase (TH, used at 1: 5000 dilution, Boy, Paris, France). TH-positive staining was visualized by the biotin-streptavidin technique (ABC kit, Dako Labs, Glostrup, Denmark) using 3,3'-diaminobenzidine as the chromogen.
Staiutrcal analysis
All data were anaiysed by an ANOVA and in cases where there was a signifi~nt intera~on, groups were compared using a Newman-Keuls test. The survival of DA neurons implanted in neonatal or adult hosts has been compared using a Student's l-test.
RESULTS
Injection of 6-OHDA into the medial forebrain bundle caused an almost total loss of TH-positive neurons from both the substantia nigra and the ventral @mental area. As illustrated in Fig. la , the ventral mesencephalon was similarly depleted with virtually totai loss of all TH-positive cells from the substantia nigra and no more than 10% of celis remaining in the ventral tegmental area in all animals in both the graft and lesion groups. In lesioned animals, this was accompanied by a total loss of TH-immunoreactive terminals in the neostriatum and the nucleus accumbens ipsilateral to the injection side (Fig. lb) . Although terminal denervation due to the lesion was masked by the grafts in all transplant groups, it was assumed to be comparable based on the similar loss of cells in the ventral mesencephalon.
In rats grafted in adulthood (groups adult graft and lesion then adult graft), transplants formed a compact tissue mass with a drop-like shape localized in the central part of the neostriatum in ail cases (Fig. Ic) . All grafts contained numerous TH-positive neurons with large cell bodies and sprouting neurites. In addition. very small, round TH-positive cells with neurites were also observed within the grafts. The remainder of the bulk of each graft, comprising the great majority of all cells, was non-immun~~reaclive for TH. The number of large TH-positive cells within the grafts, believed to be neurons, ranged from 198 to 3023 (mean = 1599 f 304, usmg the Abercrombie correction procedure).' These grafts gave rise to a rich TH-positive reinnervation which extended to nearly ail the neostriatum. There were no detectable differences between the grafts implanted into the intact and the lesioned neostriatum (groups adult graft and lesion then adult graft, respectively). In contrast, in most cases grafted neonatally (group neonatal graft), no distinct circumscribed mass of grafted tissue was apparent. Rather, III-positive neurons were scattered throughout the striatal complex (Fig. Id, e) and located either in the nucleus accumbens {two cases), in the medial or central parts of the neostriatum (five cases) or in both locations (four cases). In two cases, TH-positive neurons were also found in the contralateral intact neostriatum. The survivat and location of non-dopaminer~~ (TNnegative) ceils injected in these grafts in neonates cannot be determined in the absence of explicit labeliing of the graft cells. Small clumps of graft tissue were seen only when the neonatal grafts were localized in the dorsomedial corner of the neostriatum next to or merging into the lateral ventricle, and in these two cases the graft masses contained many THnegative as well as the stained TH-positive neurons. In neonatally grafted rats, all surviving T&positive cells had large cell bodies giving rise to multiple net&es. The number of surviving TH-positive neurons (mean = 888 & 243; range:233-2942) was lower than that in adult grafted rats, which approached, but did not achieve, statistical significance (t = 1.91 with 19 d.f., P = 0.07, based on a two-tailed hypothesis).
The location and density of fibre reinne~ation of the host neostriatum was more patchy and scattered, depending on where the grafted cells had themselves become established within the host neuropl. For TH-positive neurons located in the nucleus accumbens, T&positive fibres were found within this structure and within the ventral part (lateral and medial) of the neost~atum. TH-positive grafted neurons localized in the media1 part of the neostriatum lining the vent&e reinnervated the body of the neostriatum, but this outgrowth generally did not reach the lateral margins of the nucleus. In other cases where the neurons were scattered throughout the central neostriatum, axon outgrowth extended to reinnervate the whole nucleus. In the two cases in which a distinct graft mass was seen to merge with the lateral ventricle, adjacent to the corpus callosum, a number of neurons extended neurites along the corpus callosum as well as into the neostriatum itself.
The differences in the anatomical appearance of DA grafts implanted into hosts of different ages closely matches those seen in previous stndies.Z,4*43,58
Behavioural tests
There was no difference on any test in the behavioural ~~o~an~s of the two sham groups (adult and neonatal) or of the two lesioned groups (adult and neonatal). Consequently, the behavioural results of these two pairs of groups have been pooled to form a combined sham group (rr = 10) and a combined lesioned group (n = 14) respectively.
The effect of 5 mg/kg D-amphetamine on rotational activity measured at different times after surgery is illustrated in Fig, 2 . Sham animals did not exhibit rotational activity after amphetamine administration. In contrast, amphetamine induced a strong rotation toward the lesioned side in lesioned animals, one week after lesioning. This ipsilateral bias increased in the period from one week to two months after lesioning and remained stable afterwards.
Animals lesioned and then grafted in adulthood exhibited an ipsilateral rotation before grafting which was compensated two months after grafting. Three months later, an overcompensation was observed and lesion then adult graft animais rotated contralaterally, i.e. away from the grafted side.
In animals grafted as adults, ~phetamin~ induct a strong ipsilateral rotation during the three months following the subsequent lesion, which was similar to that observed in the lesioned group. Only by seven months after the lesion did the graft appear to be effective in decreasing this ipsilateral rotation. By this time, four animals had overcom~nsated (Le. showed a net rotation Score ~ontralateral to the side of lesion and graft), four others had strongly reduced their initial ipsilateraf rotation and two animals were still rotating ipsilaterally.
Animals grafted as neonates and subsequently lesioned and tested in adulthood exhibited an overall ipsilateral rotation which was initially weaker than that observed for the lesioned and adult graft groups. However, the rotational asymmetry increased so that by three months after the lesion, the neonatal graft group was turning to a similar extent as the lesioned and adult graft groups. By seven months after grafting, the neonatal graft group showed a similar degree of compensation overall as seen in the adult graft group, of which eight animals out of 11 had compensated, and five animals exhibited a strong contralateral rotation.
Analysis of variance was used to compare the time course of recovery in the neonatal and adult graft groups compared to the lesion and sham groups. This indicated a very highly significant group x test interaction (F ,2,,48 = 4.63, P < 0.001). Subsequent Newman-Keuls tests for multiple comparisons indicated that on the first four tests up to three months after the lesion, the lesion and the two adult and neonatal graft groups were not statistically different, whereas by seven months after the lesion, the two grafted groups rotated significantly less than lesioned rats. They did not significantly differ from each other or from the sham-operated control rats, whereas they were statistically different up to three months (control < lesion, adult graft, lesion then adult graft, P < 0.01 at all time points; control <neonatal graft:one week and three months, P < 0.05. one and three months, P < 0.01).
Apomorphine-induced turning hehatliour
The effect of 0.1 mg/kg apomorphine on rotational activity measured at different times after surgery is illustrated in Fig. 3 . Apomorphine had no effect on the rotational activity of sham animals. Two weeks after lesioning a strong contralateral rotation was observed in the lesioned group, which increased between one and two months and persisted over seven months of testing. Two weeks after the lesion, animals in the adult graft group rotated contralaterally but to a lesser extent than that observed for the lesioned group. In the period from two weeks to three months after the lesion, this contralateral rotation activity increased slightly but never reached the intensity of rotation observed in the lesioned group. Between three and seven months postlesion, there was a slight decrease of this contralateral rotation. The behaviour of animals grafted at the neonatal stage was similar to that observed for animals of the adult graft group. An overall analysis confirmed a main group effect (Fj1.34 = 14.55, P < 0.001). as well as a significant group by session interaction (h:).,,,, = 1.98. I-' 8: 0.05). Subsequent Newman-Keuls comparisons indicated the lesion group rotated at a higher rate than the graft groups at all time points (lesioned > adult graft = neonatal graft, all P < 0.01). Animals of the lesion and the graft groups rotated more than control rats (P < 0.01) with the exception of the neonatal graft group, which did not statistically differ from the control group two weeks after the lesion.
Skilled paw reaching
Overall performance on the paw reaching task was assessed in terms of the total number of pellets collected by each group on each side of the apparatus during the three stages of the experiment* as shown in Fig. 4 . During the first stage of the experiment (Fig. 4A) . sham control animals learned to reach for food from either side of the central platform in the staircase boxes. They exhibited a slight lateralization. and the side on which more pellets were collected was defined as the "preferred" paw. This bias was dramatically enhanced by the lesion. Whereas the lesion rats showed no deficit in reaching with the paw ipsilateral to the lesion side, they manifested marked deficits in reaching using their contralateral paw. Thus, the "preferred" paw was the paw ipsilateral to the lesion in every case. The postlesion deficit was not influenced by DA grafts implanted either in adult or neonatal rats. Analysis of variance confirmed that animals in the different experimental groups were reaching for food with their preferred paw in a similar fashion (restricted main group effect: FJ,ik = 0.54; ns.). By contrast, they were not using their nonpreferred paw to the same extent (restricted main group effect: Fj,jB = 18. I I, P < 0.001; lesioned = adult graft = neonatal graft > control; P < 0.01 by Newman-Keuls test). With further training, when forced to use their non-preferred paw (Fig. 4B) , sham control animals manifested a further slight improvement in their reaching performance.
In the lesion and graft groups, it was in every case the paw contralateral to the lesion which underwent additional training. Although the lesion and two graft groups also showed a modest improvement in use of the contralateral limb with further training, this never overcame the very marked impairments in comparison with the performance of the control rats or their own performance with the ipsilateral paw (see Fig 4) . Analysis of variance again confirmed that these effects were highly significant (group effect: F,,,, = 29.33, P < 0.001; lesioned = adult graft = neonatal graft > control; P < 0.01). Analysis of variance comparing the improvement of performance with the "non-preferred" paw between the first and second stages of this experiment indicated no significant group by stage interaction (F,,,, = 0.84; n.s.). When retested in standard conditions {Fig. 463, during which the rats were again free to use either paw, the sham control animals did not exhibit any remaining bias in forelimb use (see Fig. 4 ). The behaviour of lesion and graft groups was similar to that described during the first phase of the experiment, i.e. they were equally impaired in the use of their contralateral
paw. An overall analysis confirmed no difference in the use of the preferred paw (I;,,3, = 1,04; n.s.), whereas lesion and graft groups were impaired in reaching with the contralatera1 paw. In particular, the apparent small improvement in the use of the contralateral paw by the neonatal grafted rats (see Fig. 4C ) was not . . * . statistically slgmficant (F3,37 = 17.87, P < 0.001; lesioned = adult graft = neonatal graft > control, P < 0.01). The performances using each paw during the first and last stage of the experiment give a non-signi~cant group x stage interaction (FIS3, = 1.47; n.s.).
DISCUSSION
The present study indicates that in spite of the fact that DA neurons implanted in adult and neonatal rats establish, at least at the gross mo~hological level, different patterns of anatomical incorporation into the host brain, the two types of graft appear to be functionally equivalent. Thus, grafts implanted into neonatal or adult hosts are similar in their ability to compensate amphetamine-indu~d rotation and to partially prevent the development of apomorphineinduced rotation following unilateral lesion of the mesotelencephalic pathway, whereas neither type of graft was able to ameliorate the rats' deficits in contralateral forelimb use.
~nato~~cai characteristics of transplants in the neonatal us adult brain
The anatomical characteristics of the transplants differed markedly according to whether the suspension was implanted into adult or neonatal rats. Grafts in adult animals were in all cases well-delineated tissue masses that could be clearly distinguished from the host neostriatum. Such reaggregation of ventral mesencephalic DA grafts has been well described in previous accounts of suspension implants into the adult neostriatum. 3~10. 23 In contrast, grafts of the same cell suspensions into the neonatal neostriatum did not generally become established as elf-contains tissue masses. Rather, TH-positive neurons were seen scattered throughout the neostriatum, suggesting an interdigitation or migration of the cells within the neonatal environment. This migration could in some cases take place over substantial distances. Only occasionally are small self-contained clumps of graft tissue observed following neonatal implants, and these seem to occur when the grafted cells have become located in a natural space or fissure, such as in the lateral ventricle, in which case they appear to reaggregate together. Only in such cases can the survival of non-dopaminergic cells of graft origin be observed. Although there is no reason to suspect that other non-dopaminer~c neurons have not survived within the dispersed grafts, this will require further studies using explicit labelling of grafted cells'4 to ascertain their more general survival after implantation into the neonatal brain. The different morphological characteristics of mesencephalic DA grafts in the neonatal brain are also consistent with previous accountsM The counts of TH-positive cells implanted in neonatal
hosts were approximately half those obtained in the adult hosts, but in view of the degree of variability between animals this difference did not achieve statistical significance. Doucet and colleagues23 reported that both the size of the somata of DA neurons and the extent of their fibre outgrowth were significantly greater in grafts implanted in a neostriatum which had been previously deprived of its DA afferents. In agreement with the Doucet study, we have found that the grafts implanted into the intact neostriatum and receiving 6-OHDA lesions two months later (group adult graft) contained a similar number of neurons to the grafts in animals receiving the lesions three weeks earlier (group lesion then adult graft), con~rming that the presence of a lesion is not critical for cell survival. However, whereas Doucet and colleagues23 found that the outgrowth into the intact neostriatum (as unmasked by an acute lesion made only days before killing) was relatively sparse, we have found here that similar grafts implanted into the intact neostriatum can give rise to a relatively extensive fibre outgrowth if the grafts are allowed to survive, prior to killing, for a period of several months after the lesion. Indeed, the extent of axonal outgrowth was fully comparable with that observed in animals of the lesion then adult graft group in the present study and in other previous reports of grafts implanted into lesioned neostriatum.3~'0~3'~33,44 Thus, the capacity for extensive fibre outgrowth that is routinely reported to take place when DA grafts are implanted into the denervated neostriatum is not necessarily restricted to immature neurons growing into denervated targets. Even DA neurons in relatively well-established grafts can undergo extensive axonal elongation in response to the stimulus provided by subsequent target denervation, although the present behavioural data suggest that this response from mature neurons may be slower than that observed from embryonic DA cells imptanted directly into a denervated environment.
Anatomical cha~a~terist~c.~ of transplants in the intact us denervated brain
Functional efects qj' the transplants
The prophylactic effects of the grafts have been investigated with two kinds of behavioural tasks. Firstly, the grafted rats have been tested in two drug-induced rotation tests which are known to be sensitive for revealing the efficacy of DA transplants in adult or neonatal hosts with nigrostriatal lesions. Secondly, the preventive effect of neonatal grafts on aphagia and adipsia is now shown not to affect another test, skilled paw reaching, which has previously been resistant to amelioration by DA transplants implanted in lesioned adult rats. Firstly, where as the grafts were protective against the development of denervation-related supersensitivity as revealed by the apomorphine rotation, they were not protective against the strong rotation deficits in amphetamine rotation that were apparent immediately following the lesions. This result suggests that different mechanisms are involved in the recovery of these two drug-induced behaviours following transplantation, It is worthy to mention that adrenal and nigral grafts can show different profiles of action on amphetamineand apomorphine-induced rotation," confirming that it cannot be a single mechanism.
Drug-induced turning behazlio~r.
It has been shown that DA grafts implanted within the intact sttiatum, contralateral to the lesioned side, can decrease apomorphine-induced circling.53 These authors hypothesized that the diffusion of dopamine in the absence of reinnervation by DA implanted neurons of the lesioned striatum may be suhicient to compensate the apomorphine-induced rotation. Furthermore, it may be that over the few days following the lesion, DA grafted neurons release enough dopamine over a sufficient area to prevent the devetopment of DA postsynaptic hypersensitivity. but not enough to affect amphetamine-induced rotation.
Secondly, the fact that the grafts had no prophylactic effect on amphetamine-induced rotation contrasts with our previous study,33 in which DA grafts implanted into the intact neostriatum of adult rats appeared to have a partially protective effect against mgrostriatal lesions made four months after transplantation, However, several differences in the protocols may explain this discrepancy. (1) In our former experiment the grafted rats had experienced amphetamine four times before the lesion, whereas in the present experiment they had no prelesion tests. This dilference may be important since several lines of evidence indicate that the functional efficacy of DA grafts is increased both after pharmacological primingh',hi and by repeated testing postgrafting." (2) In the former study we lesioned the DA system four months after grafting, which may have allowed relatively slow restorative growth to become established even in the intact neostriatum, beyond that achieved with the shorter two month delay in the present experiment. (3) An apparent prophylactic effect was observed in three of the neonatally grafted animals in the present experiment, and these same three had the greatest number of surviving TH-positive neurons. Although detailed cell counts were not conducted in the previous experiment, a good prophylactic response may be dependent on the survival of a large number of DA neurons than the 200 or so necessary for a good functional response in the lesioned brain.13fM
Thirdly, the grafts did develop the capacity to compensate amphetamine rotation but this was slower to develop than is typically observed when embryonic grafts are implanted directly into the denervated neostriatum. Thus, in the present study, most animals grafted prior to lesioning (adult and neonatal) did manifest recovery of the marked amphetamine rotation, indicating that grafted tissue is functional, but this required an interval of three to seven months postlesion to develop, in contrast to the six weeks to two months typically required for full compensation following grafting of DA neurons into the denervated neostriatum. Comparison with the lesion then adult graft group is informative in this respect. The lesion then adult graft rats were part of a different experiment, although they received their graft implants from the same cell suspensions as used in the main experimental neonatal and adult graft groups. Nevertheless, we report here on the functional changes in amphetamine rotation in this group because this measure indicates that the graft tissue itself was viable, and produces a time course of recovery in the standard lesion paradigm that is directly comparable with previous reports. Thus, the slow response in the neonatal and adult graft groups is not simply because this experiment was based on a poor batch of graft tissue. In the light of the observations of Doucet and colleagues,23 it is likely that the present grafts, whether implanted into the neonatal or the adult brain, did not undergo extensive initial outgrowth in the intact neostriatum. Rather, the extensive outgrowth that was finally observed most probably became established in response to the stimuli associated with target denervation following the lesion. It is most plausible to suppose that the slow development of the functional response is due to a less vigorous fibre outgrowth from mature neurons in well-established grafts than is typically observed from embryonic neurons freshly implanted into a lesion environment. This issue clearly warrants more detailed study by direct analysis of the time course of fibre outgrowth in response to lesions made at different times before or after the graft implantation.
Fourthly, at no stage of the study did the quality or magnitude of any functional response differ between animals receiving DA grafts as neonates or as adults. This is apparent not just in the time course of the compensation of the amphetamine rotation, but also in the comparable blockade of the apomorphine rotation response in both neonatal and adult graft groups. Thus, although there may have been substantial differences in the gross morphology of the grafts in the neonatal and adult brain, the functional response in this respect is comparable. This suggests that the individual dopaminergic (and other) neurons in the grafts establish similar patterns of connectivity with the host brain whether those cells are organized as discrete tissues or dispersed within the host neostriatum. In contrast to the several studies suggesting reciprocal contacts between grafts implanted in the denervated adult neostriatum,34,48 the connectivity of DA grafts implanted either into the neonatal brain or into the intact neostriatum has not yet been evaluated at the ultrastructural level.
Skilledforelimb use. Dopaminergic grafts were not able to alleviate the deficit in skilled paw reaching in recipients of either age group. This absence of effect is not due to poor survival of the graft or their failure to reinnervate the host tissue. This is indicated both by the anatomical findings and the functional response measured by the recovery in apomorphine rotation when skilled paw reaching was tested. Grafted animals were found to compensate amphetamine-induced rotation when tested two days following the completion of the skilled paw reaching task, i.e. seven months after the lesion. In view of the short interval between the two behavioural tasks, this result indicates that, at least for the last part of the paw reaching task, DA grafts were able to influence amphetamine-induced rotation without affecting the deficit in motor skills.
One possible reason for this lack of effect is that the grafts did not reinnervate other terminal fields denervated by the lesion which might be critical in limb use. It has been suggested that combined lesions of the nucleus accumbens and the neostriatum yield greater deficits in skilled paw reaching than DA depletion of the neostriatum alone.50 Consequently, the failure to restore skilled paw reaching could be due to the lack of simultaneous reinnervation of both the nucleus accumbens and the neostriatum by DA grafts. The fact that neonatally grafted animals, in which THpositive neurons were scattered within the striatal complex, exhibited a similar deficit in skilled paw reaching to adult grafted animals seems to contradict such a hypothesis. Further, we have recently shown that the simultaneous reinnervation of the nucleus accumbens and the neostriatum, by DA neurons transplanted into adult brain, does not restore skilled use of the contralateral limb.' Since other telencephalic structures, not reinnervated by the transplants, might be involved in limb use,67 the question of the requirement for a simultaneous restoration of a DA tone within several terminals fields of the DA system for the performance of normal behaviour remains open.
An alternative explanation for the failure of recovery of skilled paw reaching is that this aspect of motor function is dependent upon a functionally intact nigrostriatal circuitry, which is not restored by nigral grafts implanted into an ectopic striatal location. In particular, the activity of the DA grafted neurons may not be regulated by physiological afferents which normally modulate the DA release from the mesencephalic DA neurons in situ."' Skilled paw reaching and other complex behaviours, which are not restored after transp~antation,:~20.21~2~.2X.~~~~l,~l~4~.49 may require a dynamic interaction between the activity of the DA neurons and both internal and external stimuli." In agreement with this hypothesis, striatal grafts which have the capacity to restore more extensive reciprocal connections between the grafts and the host brainzzs5' are effective in ameliorating paw reaching ability. 32.54 In a similar vein, Herman and colleagues have shown that deficits in hoarding and exploratory behaviour are compensated by DA neurons implanted in the nucleus accumbens only if the grafts arc stimulated by a low dose of amphetamine. The authors hypothesized that "the effect of D-amphetamine pre-treatment would be to mimic the lacking interneuronai stimulations needed for performing the required task"." The failure of the dopaminergic grafts implanted into the neonatal brain to provide any greater protective effect than when implanted into the adult brain suggests that neonatal implantation is ineffective in restoring a fuller degree of circuit reconstruction necessary for recovery of skilled reaching performance, in spite of the better incorporation that had been suggested by the previous studies indicating that such treatments were sufficient to restore regulator\-eating and drinking behaviours following subsequent lesions.5R~59
CONCLUSIONS
The aim of this experiment was to examine the roles of timing of the lesion (implantation into intact hosts with subsequent lesions vs that into neonatally lesioned hosts, respectively) and of the ~havioural tasks (aphagia and adipsia vs drug-induced behaviours, displacement activities, learning behaviours, innate behaviour) on the functional efficacy of neural grafts implanted into neonatal host brain. Dopaminergic transplantation into neonatal hosts provides little advantage over implantation into adults in restoring skilled paw reaching when the grafts are implanted in the intact brain, in agreement with previous reports with rotation and more complex behaviours,2,44 and in contrast to the benefit provided by neonatal grafts on the eating and drinking deficits.58.s9 This suggests that the preventive effect afforded by grafts in newborn rats may be limited to restricted classes of behaviour, such as lesion-induced aphagia and adipsia, and does not provide a general strategy for achieving improved survival, greater anatomical connectivity or more extensive functional recovery than the standard strategy of implantation into adults.
